Abstract-Collagen XVIII is an important component of the extracellular matrix and is expressed in basement membranes.
T he identification of novel endogenous and exogenous regulators of vascular tone is of great interest. Advances in this field may lead to a better understanding of existing pathophysiological conditions and reveal novel therapeutic targets. Besides the canonical agonists such as noradrenaline, acetylcholine, or histamine, components of the extracellular matrix (ECM) have been proposed to potentially play an important role in vasoregulation. 1 Collagen XVIII is an ECM protein that is diffusely expressed in basement membranes and best known by its degradation product endostatin (ES). ES, a 20-kDa C-terminal fragment, is generated by cleavage of the ECM involving matrix metalloproteases, cathepsins, 2 and elastases. 3 ES is a potent angiogenesis inhibitor preventing neovascularization in vitro as well as in vivo. This effect is mediated by the inhibition of proliferation and migration and the enhancement of apoptosis in endothelial cells. 4, 5 In vivo, ES was reported to prevent tumor growth and metastasis, 6 suggesting a promising therapeutic potential as anticancer agent. The biological effects of ES are mainly attributed to its antagonism to vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) signaling. 7 ES was found to bind to the VEGF receptor kinase-inserted domaincontaining receptor (KDR), thereby blocking tyrosine phosphorylation and the activation of mitogen-activated protein kinase (MAPK), which leads to an inhibition of VEGFinduced migration and proliferation. 8 Recently, various signaling pathways have been reported to be affected by ES, but a coherent understanding of the cellular implications of ES has remained elusive to date. As nitric oxide (NO) is a critical signaling molecule in endothelial cells, the effect of ES on NO signaling was also determined. It was found to promote dephosphorylation of the endothelial NO synthase (eNOS) at Ser1177, preventing VEGF-induced NO synthesis and inhibiting endothelial cell migration. 9 In the present study, we aimed to decipher ES-induced signaling pathways and their physiological relevance in endothelial cells using NO imaging and isometric force measurements. We found that physiological concentrations of ES relax large and small arteries via a NO-dependent, but Arg-Gly-Asp (RGD) peptide-independent, pathway. used for 8 passages. Embryonic stem cell derived endothelial cells (ESEC) were obtained from magnetic cell sorted embryoid bodies (EBs), which were cultivated as reported earlier. 10 The magnetic cell sorting procedure was performed as previously described. 11 Stem cells were cultivated in DMEM (Gibco) supplemented with 15% or 20% of FCS.
Single-Cell Cytosolic NO and Cytosolic Ca 2؉ Measurements
For NO measurements, HUVEC and ESEC were loaded with the cell-permeant NO indicator 4,5-diaminofluorescein diacetate (DAF-FM DA) (10 mol/L) for 10 minutes at room temperature. Then, cells were washed with extracellular solution and perfusion was stopped to avoid shear stress. Ca 2ϩ measurements were performed after 40 minutes of loading with the Ca 2ϩ indicator fura-2 acetoxy methylester (fura-2 AM) (1 mol/L). All measurements were performed at room temperature in normal extracellular solution containing (mmol/L): NaCl 140, KCl 5.4, CaCl 2 3.6, MgCl 2 1, Hepes 10, glucose 10, pH 7.4, which was also used as control solution. ES or KDR-inhibitor V1 was applied directly onto single cells using a patch pipette with a wide opening connected to a small perfusor syringe; substances were released at 0.5 L/s. Fluorescence measurements were performed as described earlier, 12 as excitation wavelength 485 nm for NO or 340/380 nm for Ca 2ϩ measurements were chosen. The emitted fluorescence from the cells was imaged through a 535/50 nm emission filter. For the different conditions, fluorescence intensities after 15 minutes of recording were normalized to the initial level NO (F/F 0 )ϭ1, whereas 340/380 ratio was shown for the Ca 2ϩ measurements. Data analysis was performed using the TILLVision 4.0 software (TILL Photonics, Munich, Germany) and Sigmaplot (Jandel Scientific, San Rafael, Calif).
Nitrite/Nitrate Assay
For Nitrite/Nitrate Assay, HUVEC were incubated with Tyrode's solution or ES (200 ng/mL) dissolved in Tyrode's solution for 30 minutes. The supernatants were collected and immediately used for Nitrite/Nitrate Assay (catalog no. 04508; Fluka, Steinheim, Germany). The kit was used as described by the manufacturer. Fluorescence measurements were performed with a Tecan fluorimeter (Tecan AG, Männedorf, Switzerland).
Immunohistochemistry
HUVEC or mouse aorta were incubated with control Tyrode's solution or ES (100 ng/mL) dissolved in Tyrode's solution for 2, 5, 10, or 20 minutes, respectively. After fixation in 4% paraformaldehyde, the aorta was sucrose embedded and stored at Ϫ80°C. For immunohistochemistry, HUVEC or 10-m sections of aorta were treated with the primary antibody anti-eNOS (SA-201, pAb, 1:1000; Biomol, Hamburg, Germany), and diaminobenzidine (DAB) staining was performed as described previously. 13 
Measurements of Contractile Tension
All animal work was performed in compliance with procedures approved by the institutional animal care committee. Wild-type mice of the strain HIM OF 1 or eNOS knockout (KO) mice of the inbred strain C57/Bl6 (The Jackson Laboratory, Bar Harbor, Me) (5 to 8 weeks old) were killed by cervical dislocation. The thoracic aorta or the tail artery were dissected free of connective tissue and cut into 2-mm-long segments in low Ca 2ϩ physiological salt solution (PSS) containing (mmol/L): NaCl 118, KCl 5, Na 2 HPO 4 1.2, MgCl 2 1.2, CaCl 2 0.16, Hepes 24, glucose 10, pH 7.4, at room temperature. In some experiments, the vascular endothelium was removed by scratching with a mouse whisker. For isometric contraction experiments, the arteries were mounted on a wire myograph (Multi Myograph System-610 mol/L, Danish Myo Technology A/S, Aarhus, Denmark). Experiments were performed in 2 mL of PSS (1.6 mmol/L CaCl 2 ), pH 7.4, saturated with 100% O 2 at 37°C . This solution was also used as control solution in isometric force measurements. The vessels were stretched radially to their optimal lumen diameter corresponding to 90% of the passive diameter of the vessel at 100 mm Hg. Following equilibration for 25 minutes, maximal and submaximal (EC 75 ) contraction of vascular rings was elicited with 10 mol/L and 0.5 mol/L norepinephrine (NE), respectively. The steady level of submaximal NE contraction (EC 75 ) was taken as 1 (100%). Statistical analysis compared maximal relaxations after test substance stimulation. Vessels were considered denuded when acetylcholine (ACh) (10 mol/L) caused a relaxation of Ͻ15%. The kinetics of vasorelaxation was investigated to determine t 1/2 , indicating the time at half-maximal relaxation. Experiments were performed with recombinant mouse ES 14 (concentrations ranging from 100 to 200 ng/mL) and commercially available recombinant mouse ES (concentrations ranging from 200 to 400 ng/mL) evoking similar degrees of vasorelaxation. ES obtained from Sigma proved less stable, even in the Ϫ80°C freezer, because of a lower degree of purity and, therefore, with time, became less consistent in its biological action compared with the abovementioned sources.
Chemicals
The chemicals used were obtained from Sigma-Aldrich (Steinheim,
, DAF FM DA), and Molecular Probes (fura-2 AM).
Statistical Analysis
All data are presented as meanϮSEM. Data analysis was performed using ANOVA with Bonferroni post hoc test and/or Student's t test for paired or unpaired data. Significance was considered at a probability value of Ͻ0.05.
Results

ES Induces an Increase of Intracellular NO
To test whether ES signals via a NO-dependent pathway, single-cell measurements of cytosolic NO were performed with the fluorescence dye DAF FM DA (10 mol/L) in HUVEC and ESEC. These cell lines were chosen as they correspond to different developmental stages and are well characterized. After application of 100 ng/mL ES, a slow but prominent rise (14% increase after 15 minutes) of the DAF fluorescence intensity compared with controls was noticed (1.06Ϯ0.02, nϭ29 versus 0.93Ϯ0.02, nϭ34 (control solution); PϽ0.001) ( Figure 1A , 1B, and 1E). The ES-induced NO response was concentration dependent as 10 ng/mL was without effect (0.85Ϯ0.02, nϭ35, PϽ0.001 versus 100 ng/mL ES) ( Figure 1A , inset). The specificity of the NO elevation induced by ES was proven by preincubation with L-NAME (100 mol/L for 10 minutes), a nonspecific NOS inhibitor, which abolished the response to ES (0.93Ϯ0.02, nϭ19, PϽ0.002 versus 100 ng/mL ES without L-NAME) ( Figure 1C and 1E). Under conditions without NO increase the DAF fluorescence intensity declined steadily. We also investigated the effect of ES on cytosolic Ca 2ϩ . In accordance to earlier work, 15 ES evoked Ca 2ϩ spikes in HUVEC. Interestingly, clamping of cytosolic Ca 2ϩ with the fast Ca 2ϩ buffer BAPTA AM (10 mol/L) prevented detectable changes of cytosolic Ca 2ϩ but did not inhibit the ES-induced rise in NO, suggesting a Ca 2ϩ -independent NO production ( Figure 1B , insets) (nϭ10). To rule out that the observed elevation of cytosolic NO in response to ES was just caused by its binding to the VEGF receptor KDR, we applied the KDR-inhibitor V1 (250 mol/L). 16 Under these conditions, cytosolic NO remained unaltered (0.91Ϯ0.02, nϭ20, PϽ0.001 versus 100 ng/mL ES) ( Figure 1E ), proving that ES acted at a receptor different from the VEGF receptor KDR. We next investigated the downstream signaling of ES by preincubating HUVEC with the G i/o protein blocker PTX (1 g/mL for 12 hours). The ES-mediated increase of cytosolic NO was abrogated in PTX-treated endothelial cells (0.96Ϯ0.02, nϭ35, PϽ0.004 versus 100 ng/mL ES without PTX) ( Figure 1D and 1E) . Comparison of ES-induced NO increase after RGD preincubation and ES treatment alone revealed no difference (Pϭ0.3), indicating that the effect of ES is RGD independent. To validate the biological relevance of our findings, we tested the effect of ES on NO in a different endothelial cell preparation, the ESEC. ES (100 ng/mL) also in this cell type evoked an increase of cytosolic NO (1.19Ϯ0.03, nϭ59). This was again inhibited by L-NAME (1.09Ϯ0.02, nϭ36, PϽ0.03 versus 100 ng/mL ES) and PTX (1.06Ϯ0.01, nϭ41, PϽ0.001 versus 100 ng/mL ES). Interestingly, ESEC proved more sensitive to ES than HUVEC, because 10 ng/mL ES already The data obtained with single-cell fluorescence measurements were corroborated by the Griess assay in HUVEC. ES (200 ng/mL) enhanced the Nitrite/Nitrate production from 1425Ϯ91 U to 1971Ϯ245 U (nϭ5, PϽ0.05) (control: 1483Ϯ159 U to 1446Ϯ31 U; nϭ5).
To determine whether ES led to NO production by activating the eNOS isoform, HUVEC were immunostained with an antibody that detects the conformational change of activated eNOS 17 (Figure 2A and 2B) . A clear increase in the eNOS staining was detected 2, 5, and 20 minutes after exposure to ES (100 ng/mL, nϭ25) fully in line with our single-cell experiments. To determine in more detail the intracellular signaling mechanism whereby ES leads to NO production, we performed Western blotting experiments. These showed that 5 minutes of ES exposure leads to a clear-cut increase of Akt and eNOS phosphorylation at Figure 2C ), a site known to be phosphorylated via a Ca 2ϩ -independent mechanism. 18 These results were further corroborated by immunohistochemistry and semiquantitative analysis using TV densitometry (data not shown). Thus, ES increases cytosolic NO via a KDR-independent, G i/o proteincoupled pathway through activation of Akt and eNOS.
Ser1177 (
ES Decreases Vascular Tone
Our experiments on single cells revealed that NO plays a central role in ES signaling. Because NO is known to be a key regulator of vascular contractility, we examined the impact of ES on vascular tone in mouse aorta using isometric force measurements. Addition of control solution (50 L) ( Figure  2D ) or the control peptide M2BP1 (200 ng/mL) 11 did not change the tone in NE precontracted (0.5 mol/L) murine aortic rings (0.99Ϯ0.01, nϭ5, and 0.95Ϯ0.02, nϭ10, respectively) ( Figure 2F ). By contrast, ES relaxed NE precontracted arteries in a concentration-dependent manner. The vasorelaxation amounted to 13% of the steady state for 100 ng/mL ES (0.87Ϯ0.05, nϭ5) and 25% for 200 ng/mL ES (0.75Ϯ0.04, nϭ7) (PϽ0.03 versus PSS or M2BP1) ( Figure 2E and 2F) , whereas in accordance with the single-cell experiments 10 ng/mL, ES did not suffice to relax the vessels (1.03Ϯ0.01; nϭ4). ACh (10 mol/L) induced a similar decrease of the tone (29%) in aortic rings as 200 ng/mL ES (0.71Ϯ0.03, nϭ27 [ACh]; PϽ0.001 versus PSS or M2BP1) ( Figure 2F ).
Although our single-cell experiments revealed that ES induces NO production in the vascular endothelium, we could not rule out a direct effect of ES on smooth muscle. Therefore, we determined next whether exposure of aortic rings to ES led to eNOS activation in the endothelium and/or the smooth muscle. As depicted in Figure 3A and 3B, the ES-treated aortas (100 ng/mL for 10 minutes) displayed a pronounced staining of the endothelium for eNOS as compared with controls (nϭ3) but none in the smooth muscle layer. This was confirmed in endothelium-denuded aortic rings, where a strongly reduced ACh-and ES-induced relaxation of only 11% (ACh: 0.89Ϯ0.02, nϭ5; PϽ0.02 versus aorta with endothelium) or only 4% (200 ng/mL ES: 0.96Ϯ0.02, nϭ5; PϽ0.004 versus aorta with endothelium) was noticed ( Figure 3C and 3D) . Thus, the ES-induced relaxation of aorta appears to be dependent on eNOS activation in the intact vascular endothelium.
To further confirm the critical involvement of NO, NE precontracted aortic rings were preincubated either with L-NAME (200 mol/L) ( Figure 4A ) or ODQ (1 mol/L), a soluble guanylyl-cyclase (sGC) inhibitor. L-NAME and ODQ further increased tension (1.92Ϯ0.27, nϭ6 [L-NAME]); 1.99Ϯ0.18, nϭ4 [ODQ]), likely because of the blockade of basal NO production in the vessel wall. 19 Preincubation with either L-NAME or ODQ blocked the relaxing effect of ES (1.84Ϯ0.19, nϭ6, Pϭ1.0 versus without ES [L-NAME]; Figure  4B ). In another series of experiments, relaxation of the vessel was induced by ES and thereafter antagonized by L-NAME or ODQ. This reversed vasorelaxation and led to a powerful contraction (data not shown). To unequivocally illustrate that eNOS activation is responsible for the ES-induced vasorelaxation, we tested its effect in aortic rings of eNOS KO mice. In these, ES was without effect (0.97Ϯ0.01, nϭ4, PϽ0.01 versus ES in wild type mice) ( Figure 4C ). Hence, ES decreases vascular tone via the eNOS/NO/sGC signaling pathway. Although also ACh is well known to transmit vascular relaxation via NO, 20 the time course of relaxation induced by ACh was substantially faster compared with ES, pointing to potential differences in the respective signaling pathways (ACh: t 1/2 ϭ29Ϯ12 seconds, nϭ13; versus ES: t 1/2 ϭ106Ϯ14 seconds, nϭ13; PϽ0.01).
2.15Ϯ0.23, nϭ4, Pϭ1.0 versus without ES [ODQ]) (
The results of the single-cell experiments suggested G i/o to be involved in ES signaling. Therefore, aortic rings were preincubated for 12 hours with PTX (1 g/mL). Under these conditions, the ES-induced relaxation was strongly attenuated to 3% (0.97Ϯ0.02, nϭ4; PϽ0.004 versus without PTX) ( Figure 4D ). In contrast, the effect of ACh was not altered by preincubation with PTX: 27% (0.73Ϯ0.03, nϭ4, PϾ0.6 versus without PTX) ( Figure 4E ). Thus, PTX inhibits the response to ES but not to ACh indicating that different G proteins are involved.
Phosphatidylinositol 3-kinase (PI3K) has been reported to be linked to PTX-sensitive G proteins. 21 Therefore, aortic rings were preincubated with the PI3K blocker LY 294002 (30 mol/L), which is known to decrease vascular tone. 22 The resulting vasorelaxation (0.51Ϯ0.11, nϭ4) remained unaltered by the subsequent addition of ES (0.47Ϯ0.10, nϭ4, PϾ0.8 versus without ES) ( Figure 5A and 5B).
Integrins are known to bind to RGD-containing matrix products, thereby potentially modulating directly vascular tone. In our experiments, we found that RGD peptides (1 mmol/L) induced vasodilation (0.78Ϯ0.04, nϭ11) that was enhanced even by the subsequent addition of ES (0.52Ϯ0.10, nϭ11, PϽ0.03 versus without ES) ( Figure 5C and 5D) . Although the ES effect is assumed to be mediated via a surface receptor, we performed experiments using biotinylated ES and different exposure times. Streptavidin labeling of the biotinylated ES demonstrated that no ES was taken up into cytosol within 15 minutes ( Figure I in the online data supplement available at http://circres.ahajournals.org). These data were confirmed by His-tag labeling of ES (data not shown), clearly proving that the observed ES effects were not mediated through intracellular accumulation and direct activation of intracellular signaling cascades.
We also evaluated the effect of repetitive application of ES on vascular tone (cumulative dose of 300 ng/mL). As depicted in Figure 5E , this procedure led to a dose-dependent and sustained increase of relaxation (nϭ2). Because regulation of arterial tone primarily occurs in small vessels, we also tested the effect of ES in precontracted rings obtained from murine tail arteries. Similar to our findings in the aorta, ES evoked a prominent dose-dependent relaxation of NE precontracted small arteries (nϭ3) ( Figure 5F ). As would be expected, ES was without effect in tail arteries of eNOS KO mice (data not shown).
Discussion
In the present study, we show that the ECM cleavage protein ES elevates cytosolic NO production in endothelial cells, evoking vascular relaxation. We observed these effects at concentrations of ES close to its endogenous levels (serum concentrations of ES amount to 100 to 300 ng/mL), 14 suggesting that this proteolytic ECM fragment may be an important regulator of vascular tone even under physiological conditions. In fact, it is well known that ES is constantly present in the blood because of the steady turnover of the ECM. 23 ES signaling occurred independent from the VEGF receptor KDR via activation of a PTX-sensitive G protein, PI3K, and Akt. Our single-cell, Western blotting, and isometric contraction experiments further proved that ES signaling resulted in NO generation. This is supported by our data and a recent report in which a rapid increase of eNOS phosphorylation at the critical Ser1179 (the human Ser1177) site was observed within the first 5 minutes after ES application and explains why NO production was found to occur in a Ca 2ϩ -independent manner; in addition, endostatin-mediated eNOS phosphorylation was also seen at the Ser116, Ser617, and Ser635. The concentrations of ES used in the other study were, however, far above physiological levels. 24 Interestingly, different signaling pathways and biological outcomes are observed using either very low (10 ng/mL) or higher concentrations of ES. We did not find an increase of NO after exposing HUVEC to 10 ng/mL ES. By contrast, other less mature types of endothelial cells, such as the ESEC, appear more sensitive to ES. In these cells, low concentrations of ES are sufficient to obtain a prominent NO response, which could be related to their high-affinity binding to ES. 25 Importantly, the eNOS-dependent NO generation that is elicited by ES is physiologically relevant, as it causes vasorelaxation of large and small arteries. Our functional data are supported by a strong local association of ES with elastic fibers of aorta in vivo. 26 Repetitive application of ES induced a permanent dose-dependent vasorelaxing effect, indicating that the transient relaxation noticed after a single-dose application may be attributable to instability or degradation of ES itself or one or several of the signaling components involved. The transient kinetics of a single-dose ES effect is in line with the study of Li et al where the ES-evoked cGMP increase peaked at 10 minutes. 24 This time dependency in the ESmediated NO increase may explain the findings of Urbich et al, who reported a decrease of VEGF-induced eNOS phosphorylation after exposing HUVEC to ES for 1 hour. 9 Deininger et al provide a more complex example of ES regulation, as NO is proposed to evoke ES release in endothelial cells and subsequent ES-induced lowering of the NO production. 27 These different results can be explained by the disparate time course of the experiments, because we investigated the immediate response to ES, whereas Deininger et al used the adenoviral-based ES transduction of endothelial cells, which takes several days.
Our pharmacological data further suggest that the ESinduced vasorelaxation occurs through a PTX-sensitive G protein and a PI3K isoform. Earlier studies evidenced that the PI3K/Akt kinase pathway leading to eNOS phosphorylation and enhancement of NO production 18 is an important cascade in endothelial cells. At present, it is unclear whether the ES-mediated G protein and PI3K signaling are interdependent. PI3K is known to be stimulated by G protein ␤␥ subunits 28 ; nevertheless, a direct interaction of the G protein with the eNOS cannot be excluded. Therefore, additional work is required to determine the distinct PI3K isoform(s) involved in ES signaling as well as the identity and the regulatory role of the G protein ␣ and ␤␥ subunits.
Earlier work suggested a potential role of components of the ECM in the regulation of vascular tone. In these studies, matricryptic sites, biologically active fragments that are exposed after conformational or structural changes of the ECM, have been investigated. The data suggest that synthetic RGD peptides and proteolytic fragments of collagen type I (also containing RGD sites) are potentially involved in the control of vascular contractility. 29 Although ES does not contain RGD motifs, ES was reported to compete with RGD cyclic peptide to bind to ␣ 5 ␤ 1 integrin. 30 However, in contrast to earlier studies, we found that ES transmitted its signal in an RGD-independent manner. In addition, Leu-Asp-Val (LDV) peptides, another matricryptic site, are also known to influence vascular contractility. Nevertheless, this pathway seems unlikely for ES, as these peptides promote vasoconstriction in an endothelium-independent manner. 31 . Our internalization studies and those of others 32 corroborate the assumption that ES acts via a receptor-dependent, G protein-coupled pathway in endothelial cells. It is difficult to predict at this time whether the ES-mediated vasorelaxation also plays a role in angiogenesis, although local increase of blood flow can induce and support angiogenesis. This assumption would be in line with reports indicating that besides its well-described antiangiogenic effects, ES can also display proangiogenic activity. 11, 33 Altogether, we show here, for the first time, that ES, a specific degradation product of the ECM, is a powerful regulator of vascular tone. This finding may prove helpful to better explain the mechanisms underlying a variety of pathophysiological conditions. In fact, in early stages of aneurysm formation, elastases and matrix metalloproteinases were shown to inhibit Ca 2ϩ entry, resulting in vascular dilation. 34 Thus, ES, which is known to be released by these proteases, may aggravate aneurysm formation. In addition, the herewith reported vasodilative effect of ES fits nicely with the observation that Down syndrome patients carrying an additional copy of ES on chromosome 21 have increased ES blood levels 35 and experience hypotonus. The vasorelaxing properties of ES could also be beneficial for antiangiogenic cancer therapy, as the combination of ES with Avastin, a VEGFantibody, proved more effective in tumor therapy. 36 ES may reduce high blood pressure, a typical side-effect observed during treatment with inhibitors of VEGF signaling. In basic pathological states, such as inflammation and wound healing, augmented local blood supply is required and an increased cleavage of ECM proteins occurs. 37, 38 Thus, future studies should be directed at determining the relevance of ES with respect to its effects on macro-and microcirculation under these situations.
